We study the excitation of electromagnetic surface waves in a slab of a left-handed metamaterial separating a one-dimensional periodic photonic crystal and a homogeneous dielectric medium, the so-called surface Tamm states. We show that such a layered structure can exhibit a giant lateral Goos-Hänchen shift of the scattered beam accompanied by a splitting of the reflected and transmitted beams due to the resonant excitation of surface waves at the interfaces between the left-handed metamaterial and photonic crystal. The beam shift can be either positive or negative, depending on the type of the surface Tamm states excited by the incoming beam.
I. INTRODUCTION
An optical beam totally reflected from an interface separating two homogeneous dielectric media is known to experience a lateral displacement ͑"a shift"͒ from the point of reflection predicted by the geometric optics because each plane wave composing the beam experiences a different phase change. Such a lateral beam shift is usually associated with the Goos-Hänchen effect ͓1͔. The Goos-Hänchen shift occurs at the angles close to the angle of the total internal reflection, and it is usually much less than the beam width. However, much larger beam shifts are known to occur in layered structures that support leaky waves ͓2͔ which, after being excited, are able to transfer the incoming beam energy along the interface. Such waves do not exist on a single interface separating two linear dielectric media. However, surface waves can be excited in periodic structures when the beam is incident at the angle larger than the angle of total internal reflection for the first interface. Excitations of leaky waves by the scattering of electromagnetic waves are usually realized in two types of the scattering geometries, which are used in the solid-state spectroscopy, also known as the attenuated ͑or frustrated͒ total internal reflection experiments ͓3,4͔. Since surface waves always exist at the interfaces involving left-handed metamaterials ͑LHMs͒ ͓5͔, it was already shown that the excitation of leaky waves results in large positive and negative beam shifts ͓6,7͔.
In this paper, we study the surface states in a structure created by optically dense material and one-dimensional photonic crystal separated by a LHM layer. An interface between periodic structure and metamaterial was shown to support guided modes ͓8͔, which can be called optical surface Tamm states in analogy with the localized states of electrons at a crystalline surface ͓9͔. In the presence of LHM, the optical Tamm states can be backward, transferring energy in the opposite direction to the phase propagation, or forward, when the energy propagates in the direction of the phase velocity. This provides a physical mechanism for backward ͑or forward͒ giant lateral shift of the beam reflected from the structure. In this paper, we suggest and discuss this effect in detail, and also show that the presence of a metamaterial allows for flexible control of the dispersion properties of the surface states, and the interface can support different types of the surface Tamm states with either backward or forward energy flow and a vortexlike structure.
The paper is organized as follows. In Sec. II we discuss how to calculate the lateral shift of the beam in the case of a layered media. The study of the excitation of surface waves and the discussion of their link to the surface Tamm states are presented in Sec. III. Finally, Sec. IV concludes the paper.
II. LATERAL BEAM SHIFT
In the framework of the scalar linear theory of the wave propagation and scattering in layered media ͓10͔, the lateral shift ⌬ r of a wide beam reflected by a layered dielectric structure can be defined as
where ⌽ r is the phase of the beam reflection coefficient. The result ͑1͒ is obtained under assumptions that the beam experiences the total internal reflection, and the phase of the reflection coefficient ⌽ r is a linear function of the wave-vector component k x across the spectral width of the beam. However, if the phase ⌽ r is not a linear function of the wave number k x across the spectral width of the beam ͑e.g., for narrow beams with wide spectra͒, the approximate formula ͑1͒ for the beam shift as a whole is not valid. In such a case, one can first find the structure of the reflected beam as follows:
where R͑k x ͒ and Ē i are the reflection coefficient and Fourier spectrum of the incident beam, and then define the relative shift of the beam ⌬ by using the normalized first moment of the electric field of the reflected beam, ⌬ = ⌬ 1 , where
and a is the width of the incident beam. The transverse structure of the reflected and transmitted beams can have a complicated form and, in general, it can be asymmetric, so that the shift defined by Eq. ͑3͒ may differ essentially from the value following from Eq. ͑1͒. The case ⌬ 1 corresponds to the beam shifts much smaller than the beamwidth. On the other hand, the case ⌬ Ն 1 is much more interesting, since it is more likely to be observed in experiment, and it corresponds to the giant Goos-Hänchen effect. The second moment of the reflected beam, ⌬ 2 , defined by Eq. ͑2͒, characterizes a relative width of the reflected beam,
In what follows, we assume that the incident beam is Gaussian with the width a, i.e., the electric field of the beam has the form
The angle of incidence of the beam, , is defined with respect to the normal to the interface so that the wave-number component along the interface in the medium from which the beam is incident is k x0 = k 0 sin , and the corresponding wave number in the medium into which the transmitted beam propagates is k 0 = ͱ͑ 0 0 ͒ / c.
III. EXCITATION OF SURFACE WAVES
We consider a two-dimensional, multilayered structure schematically depicted in Fig. 1 , where the input beam is incident from an optically dense medium ͑dielectric͒ with 0 0 Ͼ LH LH at an incident angle larger than the angle of the total internal reflection. The second medium ͑LHM͒ represents a gap layer of the width L that separates dielectric and layered structure. The interface between LHM and periodic structure can support surface waves which are excited resonantly when the tangential component of the wave vector of the incident beam coincides with the propagation constant of the corresponding surface wave. In such a case, the surface wave can transfer the energy along the interface leading to effective enhancement of the lateral shift of the reflected and transmitted beams. In the geometry shown in Fig.  1 , the reflection coefficient R = R͑k x ͒ for the TE-polarized monochromatic ͓ϳexp͑it͔͒ plane wave is defined as
where M 11 and M 12 are the elements of the transfer matrix M of the whole structure ͑for calculations of transfer matrix see Ref.
͓11͔͒.
We consider only the case of the TE polarized waves, but our studies indicate that the qualitatively similar results can be obtained for the transverse magnetic ͑TM͒ polarized waves. One can show that the phase of the reflection coefficient has an abrupt change when k x coincides with the wave vector of the corresponding Tamm state. Thus, larger values of the lateral beam shift are expected at the angles of incidence for which the beam spectrum contains the wave-vector components having the same component k x as the propagation constant of the surface waves. As has been shown recently, both forward and backward surface waves can exist at the interface of a left-handed metamaterial and onedimensional photonic crystal ͓8͔, depending on the incident angles. Excitation of the forward surface waves results in an energy transfer in the direction of incidence. A negative shift of the reflected beam will be observed for an excitation of the backward surface waves.
We chose the following parameters for the structure and incident beam profile: 0 = 12.25, 0 =1; LH = −1, LH = −1; 1 =4, 1 = 2 =1; 2 = 2.25, d 1 = 1 cm, d 2 = 1.65 cm, d t = 0.01d 1 ; / c = 0.845 cm −1 , a = 100 cm, and we have performed calculations for a periodic structure containing 20 periods. The propagation constant of Tamm states can be found from the dispersion relation ͓8͔, and, for these parameters, the surface waves at the interface can be either backward propagating, with a wave number component along the interface ␤ = 1.016 or forward propagating, with ␤ = 1.131. Figures 2͑a͒ and 2͑c͒ show the dependence of ⌬ and W on the angle of incidence corresponding to a backward Tamm state, respectively. While Figs. 2͑b͒ and 2͑d͒ show the dependence of ⌬ and W on the angle of incidence for the case of the forward Tamm state, respectively. We observe a dis- tinctive resonant dependence of the beam shift, and the maximum corresponds to the phase matching condition for k x . Profiles of the reflected ͑solid͒ and incident ͑dotted͒ beams are shown in Fig. 3 as the field amplitude versus coordinate x for the case of backward ͓Figs. 3͑a͒ and 3͑c͔͒ and forward ͓Figs. 3͑b͒ and 3͑d͔͒ Tamm states. From these profiles, we observe that the reflected beam has a distinctive double-peak structure. The first peak corresponds to a mirror reflection, while the second peak is shifted relative to the point of incidence. The latter can be explained by the excitation of surface waves. At the resonance, this lateral beam shift becomes larger than the width of the beam itself. The double-peak structure appears only for relatively narrow beams for which the beam spectrum is wider than the spectral width of the surface wave mode, the latter being found as the width of the resonance shown in Fig. 2 . The components of the beam spectrum outside this region are reflected in the usual mirrorlike fashion. The spectral components of the beam near the resonance transform into an excited surface wave, and they are responsible for the appearance of the second peak in the shifted reflected beam. For wider beams, such that their spectrum completely falls into the spectral region of the surface-wave mode, only the shifted peak appears. With an increase of the beamwidth, however, the relative beam shift decreases due to the fact that the absolute shift of the beam grows slower than the beamwidth. Figure 4 show the beam shift and beamwidth versus the gap thickness for the case of backward ͓Figs. 4͑a͒ and 4͑c͔͒ and forward ͓Figs. 4͑b͒ and 4͑d͔͒ Tamm states. The resonances presented in Fig. 4 can be explained with the help of a simple physics argument. Indeed, when the gap separating dielectric and periodic structure is absent ͑i.e., at L =0͒ or very small, no surface waves are excited; and the beam shift is negligible. Increasing the width of the gap medium, we increase the quality factor of the surface mode, and thus increase the shift of the reflected beam. Similarly, for large values of L surface waves are not excited, and the shift of the reflected beam becomes small again. To gain a deeper insight into the physical mechanism for the excitation of the surface Tamm states and then the large values of the Goos-Hänchen shift in the case when the layered structure includes the LHM medium, we perform numerical simulations to show the backward and forward Tamm states. The field distribution of surface Tamm states is shown in Fig. 5 for the case of backward ͓Fig. 5͑a͔͒ and forward ͓Fig. 5͑b͔͒ surface modes. These simulations confirm the prediction of Ref. ͓8͔ . From the analysis of the structure of the field distribution, we conclude that the surface wave excited at the interface has a finite extension and a distinctive vortexlike structure. This surface wave transfers the energy in the negative or positive direction depending on the backward or forward Tamm states and, consequently, the energy is reflected from the interface as a shifted beam.
IV. CONCLUDING REMARKS
We have analyzed the scattering of an obliquely incident Gaussian beam by a multilayered structure that includes an optically dense medium, a left-handed metamaterial, and one-dimensional photonic crystal. We have demonstrated that optical Tamm states supported by these multilayer structures can result in a giant lateral shift of the reflected beam. We have emphasized that this effect is due to the resonant excitation of surface waves at the interface between the conventional photonic crystal and the unconventional lefthanded metamaterial. For the resonant excitations of surface waves, the reflected beam has a well-defined double-peak structure, where one peak represents the mirrorlike reflection, and the second one appears due to a lateral beam shift from the point of the mirrorlike reflection, being produced by the excited surface waves. The lateral beam shift can be both positive and negative, depending on the type of the surface Tamm states supported by the structure and excited by the incoming beam. We have also performed a series of numerical simulations to model the field distribution of the beam scattering for the both types of the backward and forward surface Tamm states and have confirmed the major results obtained analytically for the backward and forward surface Tamm states.
